Background: Some patients have features that indicate possible difficulty with direct laryngoscopy for tracheal intubation. Prediction of the likely outcome and selection of patients for an enhanced management algorithm would reduce the possible harm from failed intubation attempts. Methods: Adult elective patients were assessed for seven features associated with difficult direct laryngoscopy, ranked in difficulty from 0 to 3. For a patient with at least one Class 3 feature, or two or more features of class 1 or higher, the enhanced management used a channelled videolaryngoscope Airtraq™ instead of a Macintosh laryngoscope. A long flexible angulated stylet and a flexible fibrescope would be used as the second and third steps. For patients with lesser difficulty scores, a Macintosh laryngoscope was used. Outcomes of enhanced management were analysed. Logistic regression and Random Forest algorithm, using the ranks of the predictive features, were used to predict difficulty during enhanced management. Results: We prospectively studied 16 695 patients. We selected 1501 (9%) for enhanced management, and tracheal intubation was successful in all of them. Of these, 73% were intubated in less than 30 s, and only 4.5% required more than 4 min for intubation. Progression to the second and third steps of enhanced management was predicted by restriction of mouth opening and reduced cervical spine mobility. Conclusions: An enhanced management algorithm allowed successful tracheal intubation of all patients with anticipated difficult laryngoscopy. The need to combine the use of a stylet and a fibrescope with the Airtraq™ could be predicted with a high degree of certainty.
Established procedures that incorporate decision pathways, used to assess and manage difficulty with airway management, can resolve most airway management problems and probably save lives. 1 We have shown that after failed intubation using a Macintosh laryngoscope (Smiths Medical France Sas, 3-5 rue du Pont des Halles, 94656 Rungis, France), an algorithm using a flexible stylet solved most unanticipated problems in both surgical 2 and emergency medical patients. 3, 4 Recently, we found that by following a predetermined algorithm for managing difficult tracheal intubation using a channelled video laryngoscope, direct tracheal intubation was successful in a large group of unselected patients. 5 If direct laryngoscopy is unsuccessful, further methods that use a videolaryngoscope are more likely to succeed than those which do not include its use. 6, 7 In some patients, difficult intubation is predictable. In our institution, we assess patients to identify and grade features associated with difficult intubation, to avoid possible harm from failed direct laryngoscopy. Those patients with only minor features are managed using a routine standard strategy of direct laryngoscopy. Patients with more severe features are allocated to an enhanced management algorithm which uses the video-Airtraq™ (Vygon, Ecouen, France). This device has a curved blade to fit the oropharynx, and transmits an image from the distal tip of the blade to a video monitor. It incorporates an in-line channel for the passage of a tracheal tube that can be loaded with a stylet or a fibrescope.
Enhanced management depends on the concept that failure of direct laryngoscopy can usually be predicted if a patient is assessed carefully. Using clinical and research experience, we drew up a list of criteria and developed a pragmatic scoring system that could be applied to distinguish patients in whom direct laryngoscopy might be successful, those difficult patients in whom an awake fibreoptic procedure was advisable, and a group who could be managed practically using an enhanced management algorithm based on the video-Airtraq TM . This study was to assess the efficacy and safety of this enhanced management algorithm, and examine which airway features, assessed before the procedure, were most helpful in determining which manoeuvres would be necessary to achieve successful intubation.
Methods

Study design
This prospective study was conducted at the Henri Mondor University Hospital of Paris (Creteil, France) from January 2015 to July 2017. We submitted the study proposal to the local research ethics committee at Claude Galien Hospital (Quincysous-S enart, France). It was considered 'non-interventional' because the procedures were already used routinely in the hospital. This decision was registered under the number: HCG.10.2014.12.HMN2. The committee specified that patients should be informed of the procedures in the anaesthesia department concerning airway management, and waived a requirement for written consent. The committee also required that all the investigators should comply with the relevant legislation concerning data management and confidentiality ('Informatique et Libert e').
Study setting and participants
Henri Mondor Hospital is a tertiary, 2000 bed surgical teaching hospital that manages patients undergoing orthopaedic, renal, vascular, cardiac, neurology, plastic surgery, and visceralbariatric-endocrinology procedures. Twenty-five senior anaesthetists recruited the patients. Each day, 14 anaesthetists managed 24 operating theatres, along with anaesthetic nurses (one in each operating theatre) and anaesthetic residents (one per surgical specialty). Two members of the anaesthetic team were always present at induction of anaesthesia. If a patient was having a routine induction, the certified anaesthetic nurse (each of whom had carried out more than 500 tracheal intubations) would start airway management. If a second tracheal intubation device was required, the senior anaesthetist (5e25 yr of experience with tracheal intubation in anaesthesia, emergency, and intensive care) was asked to manage the airway. All of the anaesthetic staff of the main surgical unit were familiar with the routine management procedure, which had been in place for 3 yr. Over a 6 month period, all senior anaesthetists were instructed and trained in the chosen procedures of enhanced airway management. We used an Eschmann stylet (Stylet: Frova® Cook, Charenton-LePont, France) and a single-use flexible fibrescope (Fiberscope: aScope 3™, Ambu, Bordeaux, France). We set up a teaching and training room for airway management. Six specialised instructors (G.D., H.H., S.B., N.E.S., V.S., and F.C.) devised, supervised, and validated an education program. We used six standard intubation mannequins and two difficult intubation simulators (Airway Trainer™ and Airman™, Laerdal, Limonest, France). Details of the education and training program are given in the Supplementary material (Appendix 1). After completion of the teaching process and training program, participants were shown the management plan (Fig 1) to use over the study period. The management procedures (routine and enhanced) were simulated many times in the training room until all participants were familiar with the procedures.
Patients
We assessed consecutive adult patients admitted for elective surgery under general anaesthesia who would require tracheal intubation. The airway management plan depended upon preoperative airway assessment findings. We included patients receiving therapy for gastric reflux, or patients who were known to have a minor hiatus hernia, if they were currently asymptomatic. We excluded patients with gastric reflux symptoms persisting despite therapy, or occurring more than 6e8 h after a standard meal, emergency cases, patients with other reasons to have increased risk of aspiration, those with tumours affecting laryngeal function, and patients with a mouth opening or inter-incisor distance of less than 2 cm.
Editor's key points
Difficult airway management after induction of anaesthesia increases the risk of desaturation. Planning airway management using an algorithm, based on the number of risk factors for difficult tracheal intubation, may increase the success rate of tracheal intubation. An enhanced management algorithm allowed successful tracheal intubation of all patients with anticipated difficult laryngoscopy.
Preoperative work-up
Special attention was given to preoperative airway assessment. We routinely assessed seven features already identified as markers of difficulty in airway management. 8e14 These seven features were: mouth opening or inter-incisor gap (mouth opening); BMI; modified Mallampati grades; a history of previous tracheal intubation difficulty (previous difficult intubation); mandible profile; thyromental distance; and cervical spine mobility ( Table 1) . Each of these difficulty factors was ranked Class 0 to 3 and entered in a specific data collection form. Each feature was considered as relevant if it was classed as at least 1. In addition to the current management decision process, any patient who had a Class 3 factor was also listed on the 'difficult airway board' of the department, and discussed for possible elective awake intubation indication. Before listing, these classifications were verified by another experienced observer. Awake intubation with a fibrescope was routinely used if the inter-incisor distance was less than 2 cm, or if severe flexion of the cervical spine prevented insertion of a rigid device into the mouth. Such patients were excluded from this analysis. Eligibility for the enhanced management programme was considered for patients in whom intubation with the fiberscope would have been previously suggested because of previous failure of routine intubation. If no exclusion criteria for the use of the video-Airtraq™ were identified, then we considered that the enhanced management procedure was suitable.
Anaesthesia induction
Anaesthesia care, including intraoperative monitoring, complied with the clinical practice guidelines of the French Society of Anesthesiology and Intensive Care Medicine. In each We used a standard method of preoxygenation, with a target end-tidal oxygen concentration of more than 90%. In patients with a BMI of >30 kg m
À2
, facemask pre-oxygenation was carried out with the upper body ramped position]. Anaesthesia was induced with sufentanil followed by propofol or etomidate and a neuromuscular blocking agent.
Patients classified for enhanced management, with one difficulty factor ranked at 3, were given suxamethonium (1 mg kg À1 ). Others classified for enhanced management were given rocuronium (1 mg kg À1 ). Tracheal intubation was started after complete loss of response of the adductor pollicis to supramaximal train-of-four stimulation of the ulnar nerve. If suxamethonium was used, tracheal intubation was started when muscular fasciculation ceased or no later than 45 s after it had been given. For patients with a single difficulty factor ranked 1 or 2, tracheal intubation was by routine laryngoscopy with a Macintosh laryngoscope. For patients with one difficulty factor ranked at 3, or at least two factors ranked at 1 or more, intubation was by enhanced management using the channelled video-Airtraq™. This device was chosen because it has an anatomical profile and because its channel can carry a cuffed tube, already loaded with devices such as a stylet or fiberscope. These allow prompt intubation of the trachea if the Airtraq™ alone is insufficient. Successful tracheal intubation was determined in most patients by direct view of the tube entering the trachea between the vocal cords, combined with the presence of expected airway pressures associated with mechanical ventilation and a normal capnogram obtained by analysis from the patient airway. If SaO 2 could not be kept greater than 90%, or tracheal intubation was difficult, we applied the management described in the Supplementary material (Appendix 2). All patients were positioned supine, other than patients with a BMI of more than 30 who were placed in the ramped position during preoxygenation.
Study data collection
During the enhanced management procedure, the resident in anaesthesia timed the process. Every 30 s from the start of the intubation manoeuvre (from the moment the video laryngoscope entered the mouth), the time and the current SpO 2 value were spoken aloud. In addition, the SpO 2 value was announced when it became <95% and <90%. Timing of the tracheal intubation manoeuvre was stopped if facemask ventilation was applied, and restarted after facemask ventilation was discontinued. The tracheal intubation time was expressed in 30 s periods (including the last incomplete period). The following data were taken from the anaesthetic record: age, gender, details of preoperative airway assessment, and airway management outcomes, including the steps (Steps 1e3) of the process required to establish tracheal intubation (Fig 1) , the percentage of glottis opening (POGO) score, and any complications such as arterial oxygen desaturation <90%, upper airway trauma, or gastric content aspiration.
For those patients having routine management, the procedure steps (Steps 1e4, Fig 1) used for tracheal intubation were noted from the anaesthesia record. Airway management complications were recorded in the same way for both routine and the enhanced procedures.
We classified the procedure as a difficult intubation if channelled video laryngoscopy, used alone, did not allow tracheal intubation (Step 3 of the routine procedure or Step 2 of the enhanced procedure). If it was necessary to use a fibrescope, a subsequent postoperative flexible nasolaryngoscopy was carried out by an ear, nose and throat specialist.
Statistical analysis
We present continuous variables as mean values [standard deviation (SD)], and ordinal variables and categorical measures as numbers and % frequency. The main outcome measures for both management pathways were successful tracheal intubation, the grade of difficult intubation (Steps 1e4), and the incidence of airway management complications including dental damage and blood on the laryngoscope blade. For enhanced management, additional outcome measures were tracheal intubation time and POGO scores. Measures of safety were the incidence of reduced arterial saturation, the time to intubation, and the presence or absence of serious complications.
Prediction model outcomes were calculated using R version 3.2.4 (R Foundation for Statistical Computing; Vienna, Austria). We calculated the 95% confidence intervals (CI) of the incidence of serious adverse events using the method of Wilson. 15 By relating known predictive features to the outcome of enhanced management, we hoped to predict those patients in whom additional procedures were required during enhanced management. If we identify patients where the Airtraq™ alone could be inadequate, further airway management devices such as the stylet and the fibrescope can be prepared for immediate use.
We related the outcome of enhanced management to patient features using statistical computer modelling. The first was logistic regression, fitted without stepwise selection of predictors to avoid over-fitting. 16 As a convergent logistic regression model does not use ordinal data, we merged airway features' ranks in order to transform these ranks into binary categories. This method indicates those features that are weakly predictive. For the second model, we used a Random Forest machine learning algorithm. 17e22 The ranking of the initial features was retained to avoid loss of information. Model parameters were tuned by randomly generating 1000 classification trees with three predictors over a third of the dataset. The Gini impurity index was computed to evaluate each predictor importance. 19 In brief, this measures the degree of impurity in a node of a classification tree. If the impurity is maximal, the node contains as many patients that are easy as those that are difficult to intubate, and the Gini index is high. If the node selects patients with the same intubation difficulty, the Gini index is minimal. Predictors were then evaluated in relation to their ability to reduce the Gini index when used in a classification node. The value of this method is that it indicates the preoperative features that are effective predictors. Each model's performance was internally validated by a 10-fold crossvalidation method. 20 We determined sensitivity, specificity, positive predictive value, negative predictive value and area under the receiver operating characteristic curve for both predictive methods.
Outcome variables
Regarding the identification of the difficult Airtraq™ phenotype, the main outcome was the reliability of prediction of difficulty with video-Airtraq™ intubation, defined as the need for Step 2 or 3 of enhanced management to allow intubation.
Results
Patients and management outcomes
In the study period 24 522 patients were undergoing elective airway management under general anaesthesia. The flowchart of the patients is presented in Figure 2 . Tracheal tube placement was successful in all patients and no aspiration episodes were noted. A total of 134 patients (0.8%) required additional oxygenation by facemask during the procedure because SaO 2 became <90%. This was needed in 121 (0.8%, 95% CI 0.7e0.9%) patients with the routine management and 13 (0.9%, 95% CI 0.5e1.4%) patients with the enhanced management. There were no occasions when facemask ventilation was impossible.
Routine management
The 15 191 patients selected for routine management had a mean (SD) age of 41 (14) yr, 56% were female, and only 0.8% had an SaO 2 <90%. In some patients, the grade of view was limited: 2B in 89 patients (0.6%) and 3 in 39 patients (0.3%). The proportion of patients requiring more than one attempt for direct laryngoscopy was 0.8%. A stylet was requested in 58 (0.4%) of these and the video-Airtraq™ was used in nine patients (0.06%). No difficult intubation requiring the video-Airtraq™ with the stylet occurred. Three cases of significant trauma to the teeth were reported. In two of these cases, preoperative assessment had noted poor quality dentition.
Enhanced airway management
Enhanced management was successful on all occasions that it was used. The greatest time needed for intubation was 330 s. Although 1506 patients were allocated to receive enhanced management, the exact pathway was not followed in five patients (0.3%). In these patients, the first step was eliminated because the stylet was already placed in the tracheal tube. The tracheas of these patients were easily intubated without the need to use the fibrescope, and these data are not included in further analysis. For the 1501 patients whose management followed the exact enhanced procedure, difficulty with intubation was encountered in 69 patients (4.6%). A stylet was needed in 61 patients, and the fibrescope was used for eight patients. Patient and preoperative airway assessment details and airway management outcomes of these patients are presented in Tables 2 and 3 . Mean (SD) age was 49 (18) yr and 62% were male. The mean (SD, range) POGO score with the video laryngoscope was 94% (12; 0e100). Intubation time was <30 s for 73% of the patients, and >240 s in 4.5% (maximum 330 s). The number of patients who had SaO 2 values <90% was 12 (0.8%, 95% CI 0.4e1.3%). In these patients, the mean minimum SaO 2 was 85%, and the lowest value recorded in one patient was 74%. We compared patient and preoperative airway assessment details for those that were intubated at the first step, with the second or third steps of the enhanced management (Supplementary material; Appendix 3). Patients in whom an awake fibrescope intubation would have been considered before operation were more often male (86% vs 62%) and had twice as many difficulty features (mean: 5.0 vs 2.5). Their POGO score was less (62% vs 96%) and the time required for intubation was increased by a factor of four. In those patients intubated at the first step of the enhanced management, there were no obvious differences in age, sex, or preoperative airway assessment details between the patients in whom intubation took less or more than 30 s. Complications were rare. After the enhanced airway procedure, no significant mouth trauma was noted. Blood was noted on the distal blade of the video laryngoscope when it was removed from the mouth in 16 patients (1%). In one older female patient, bleeding was noted from the anterior commissure of the vocal cords. After extubation, the patient attested that her voice tone remained unchanged. No dental trauma was reported in any patient who received enhanced management. No serious complications were noted. For a sample size of 1501, the 95% confidence range of this frequency is 0.3e0.4%, which allows us to conclude that the likelihood of serious complications with this management is extremely small.
Identification of the difficult video-Airtraq™ phenotype
Logistic regression showed that difficulty with intubation was significantly associated with rank 2e3 severities of four features that were: cervical spine mobility, mouth opening, modified Mallampati score, and thyromental distance (Table 4) . No interaction was found between these covariates after including an interaction term in a subsequent regression model. In the Random Forest analysis, the greatest decrease of the Gini index was found with the features of cervical spine mobility and mouth opening. We conclude that these two features characterise the difficult video-Airtraq™ phenotype of the patients in whom difficulty with intubation will be encountered. Figure 3 shows the prediction results. Both logistic regression and Random Forest models had moderate sensitivity in predicting difficulty with video-Airtraq™ intubation [62% (57e82) and 71% (60e71), respectively]. The prevalence of difficulty was only 4.6% but despite this, the positive predictive value of each model was high [84% (80e100) and 84% (83e96) 
Discussion
We identified 1506 patients with features that might predict difficult direct laryngoscopy. For these patients, experienced senior anaesthetists were asked to follow a process of enhanced management. This report shows that this form of selection and management allowed successful tracheal intubation with visualisation of the glottis in all patients including some who otherwise would have been managed by awake intubation. The process was safe with a short tracheal intubation time and a low incidence of only minor complications. Statistical computer modelling allowed us to predict which of the patients will be easy and those who will be likely to be more difficult to intubate with the video-Airtraq™. Limited mouth opening and reduced spine mobility were features of the difficult Airtraq™ intubation phenotype that required management with the stylet and the fibrescope.
Limitations of the study
Our study was of a limited population. We only considered specific types of adult elective surgery. All the patients we considered were able to swallow efficiently on command before induction of anaesthesia and none had bleeding in the upper airway. We did not consider patients with local conditions that could affect tracheal intubation such as tumours in the upper airway, or facial and cervical trauma, nor obstetric or paediatric patients. Our method required trained and experienced staff, competent in the use of equipment such as the stylet and fibrescope. Education and training to use the equipment was provided both in teaching room conditions and in clinical practice. In particular, learning the techniques needed to direct the devices within the airway were essential. (4) 24 (35) 30 (2) Class 3 1 (1) 1 (1) (7) 20 (29) 81 (6) Class 2 28 (2) 9 (13) 19 (1) Class 3 9 (1) 9 (13) Our study shows that patients who could present a difficult airway can be intubated with simple devices while viewing the glottis, as long as practitioners undergo a simple but thorough training in the methods required.
Conception and justifications of enhanced management
Our present evaluation tested the applicability of a process based on use of the video-Airtraq™ for difficult intubation, where attempting standard laryngoscopy would probably be inappropriate. For example, patients with a Class 3 score for previous difficult laryngoscopy, mouth opening, or cervical problems, would previously be considered for awake intubation. Before the use of this enhanced management plan, a substantial proportion of the patients (11%) we selected for the enhanced management would have been managed by awake intubation. More generally, a patient with several, and more severe, factors associated with intubation difficulty is less likely to be successfully intubated conventionally. Our previous management plan used the stylet, 5 but we had already experienced some cases of impossible tracheal access when this was used, even when the glottis opening was partially visible and seemed accessible. We did experience similar events with the tracheal tube loaded in the channelled video laryngoscope, although with careful manipulation, intubation was usually successful. This experience led to the third step, using the fibrescope to place the tracheal tube into the trachea. This would also allow clinicians to visualise a glottis if a direct view was not possible because of tumour or swelling. The combination of the qualities of the video-Airtraq™, the stylet, and the fibrescope if needed, plus thorough training of the clinical staff, should allow more patients to be safely allocated to a plan for intubation under general anaesthesia. We chose the Airtraq™ rather than devices with a curved blade or stylet because in lab simulation, the channelled device did better. 23 We had also already validated the use of the Airtraq™ (assisted with the stylet) after failed tracheal intubation with the Macintosh laryngoscope. 5 In addition, when a tracheal tube is placed in the channel, it can be used as an easily manipulated extensible and adjustable conduit to deliver oxygen, it can aspirate secretions, and it can guide devices such as a stylet and a fiberscope into site of view, close to the targeted laryngeal area. Finally, we considered that because the Airtraq™ is a popular channelled device in France with which we have had substantial expertise, 24 it was the most appropriate intubation device to be implemented in the enhanced management. Finally, all these considerations, combined with the features of the video-Airtraq™, allowed clinicians in this evaluation to address and resolve difficulties as they were encountered.
Outcomes of the management strategies
Not surprisingly, our preoperative airway assessment process did not prevent all patients in the routine management group from having an unexpectedly difficult or failed direct laryngoscopy. However, the incidence of more than one attempt at direct laryngoscopy was 0.5%, and that of failed Macintosh laryngoscope intubation was 0.05%, suggesting that the strategy used to allocate the patients to routine management proved to be sufficiently specific. The clinical outcomes of the enhanced management process were excellent, mainly because the algorithm was designed to avoid failed direct laryngoscopy attempts that caused most episodes of hypoxaemia we deplored in previous validation studies. 2e4 Of interest, a stylet could not be advanced into the trachea in eight patients, but these patients were successfully intubated using the fibrescope. We discovered anterior pharyngeal tumours in two patients who had a POGO score of zero with the video-laryngoscope. For six remaining patients, anatomical or relative narrowing of the airway just below the vocal plane or at the level of the cricoid cartilage prevented the stylet passing down the trachea. In all these patients, a fibrescope succeeded in reaching the carina and steered the soft armoured tube into the correct position in the trachea. We assume that the enhanced management procedure we have developed will reduce the number of patients requiring planned awake intubation. In addition, we calculated that in the context of the present study, about 75% of the cost of greater use of first line video-Airtraq™ would be offset by both less fiberscope use and less staff time required for awake intubation procedures.
Predicting intubation difficulty with video-Airtraq™
We considered the relationship of features of difficult intubation in relation to the outcomes we have described using computer modelling. By the mean of logistic regression, factors such as age, gender, BMI, previous intubation difficulty, and mandible characteristics appear unimportant. In contrast, Random Forest analysis picks out two important features associated with problems during intubation when video Airtraq™ is used: restricted mouth opening and limited cervical spine mobility; features we considered to be the primary features of the difficult Airtraq™ phenotype. The incidence of difficulty with video-Airtraq™ intubation was low (4.6%). This sets a difficult target for sensitivity for tests to identify cases that may present difficulty. Out of this group of 'difficult patients' we can accurately identify about 70% of the patients in whom tracheal intubation with the video-Airtraq™ may also require a stylet or a fibrescope. The Random Forest method identified two features that made video-Airtraq™ intubation difficult. This may result from the capacity of this method to 'rule in' factors, whereas logistic regression excludes factors. 16 'Ruling-in' features allows us to better characterise the 'difficult intubation' patient when using the video-Airtraq™. Interestingly, the two features selected by the Random Forest method that make tracheal intubation more difficult are those that limit the space for manipulation of the video-Airtraq™ in the oral airway. For the patients that required
Step 2 of enhanced management, visualisation of the glottis was not a concern, as the vocal cords were seen either totally or partially in 97% of patients. Ideally, such rules could also assist selecting optimal airway management using preoperative airway assessment, proposing a rational tailored intubation pathway, and choosing the primary intubation tool. We believe that by using computer-assisted learning to analyse data from cohorts of different types of patient, we can increase the sensitivity of difficult video-Airtraq™ intubation prediction and further refine 'a machine learning' portrait of difficult Airtraq™ phenotype. For those hospitals already equipped with the video-Airtraq™, our findings may simplify preoperative airway assessment by indicating specifically those patients where difficult intubation may follow video-Airtraq™ use. More pragmatically, prediction of intubation difficulty could benefit patients with the difficult Airtraq™ phenotype for whom the intubation manoeuvre could start at Step 2 of enhanced management with the stylet already loaded in the tracheal tube. We are currently testing this hypothesis.
Conclusion
After practical training of clinicians, patients with features that suggest difficulty with conventional intubation can be managed using an enhanced algorithm using the video-Airtraq™, followed by a stylet and a fibrescope if necessary, to allow successful tracheal intubation. There is a small risk of minor complications. Difficulty with intubation during enhanced management can be predicted. 
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